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ABSTRACT: In the last decades Cathodic Protection (CP) has become a well known and accepted 
rehabilitation method for reinforced concrete structures especially in case of chloride induced reinforcement 
corrosion. Thereby the anode is usually attached at the concrete surface closest to the corroding reinforcement 
in order to minimise the voltage required between anode and reinforcement. In specific circumstances an anode 
installation at the concrete surface next to the corroding reinforcement is not practicable, i.e. due to difficult 
access. In such cases it would be helpful to know whether it is possible to protect the reinforcement by an anode 
being installed at the opposite surface of the structural element. The question to be answered is: How does the 
protection current distribute to the reinforcement layers, and does the rear reinforcement layer receive sufficient 
current to be effectively protected, without getting over protection of the reinforcement layer next to the anode 
at the same time. Since the distribution of protection current depends on several parameters like the geometry 
and amount of the reinforcement, concrete resistivities, the polarisation behavior and geometry of corroding 
and passive zones, a general answer to this question is not possible. In order to investigate the influence of these 
parameters on the possibilities and limits to protect the rear reinforcement, a 3 D-FEM simulation of the current 
and potential distribution was developed and its accuracy was verified by laboratory results.
This paper presents the numerical approach as well as the results of parameter studies carried out to show the 
impact of the reinforcement distribution, the concrete resistivity and the polarisation behaviour of the reinforce-
ment on the current distribution within the reinforcement.
are initiated (i.e. Hassanein et al. 1996, Buenfeld et al. 
1998, Page & Sergi 2000). These effects can be clas-
sified into primary effects that provide a protection 
immediately after activation of the CP-system, and 
1 INTRODUCTION
1.1 Cathodic Protection (CP)
Especially in the field of coastal and transportation 
infrastructure reinforcement corrosion due to chlo-
rides is one of the mayor problems regarding the dura-
bility of concrete structures. For rehabilitation and 
repair of such structures affected by chloride induced 
reinforcement corrosion the designer can chose from 
different repair methods. One of these methods is the 
cathodic protection (CP) of the reinforcement.
The principle of CP is a cathodic polarisation of 
the reinforcement in order to hinder the anodic dis-
solution of the steel. To achieve this polarisation, 
electrodes (anode systems) are installed either on 
the concrete surface (spread anode) or into the con-
crete body (discrete anodes) and an electric current 
is applied between this anodes and the reinforce-
ment by a DC power supply (impressed current CP) 
(see Fig. 1).
From the protection current and the resulting elec-
trical field within the concrete several positive effects 
Figure 1. Principle of CP of the reinforcement.
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secondary effects which are long term effects result-
ing from the electrode reactions and the ionic flow in 
the concrete:
Primary effects:
− Cathodic polarisation of the depassivated rein-
forcement directly hinders the anodic dissolution 
of the steel by moving the reaction equilibrium 
on the steel surface towards the cathodic reaction 
(oxygen reduction).
− Cathodic polarisation of the passive reinforcement 
surfaces leads to an equalisation of the potentials 
of active and passive steel surfaces. The potential 
difference between those areas which is the driving 
force for macro element corrosion is significantly 
reduced.
Secondary effects:
− The formation of hydroxide ions in the cathodic 
reaction leads to an increase of the pH-value in the 
pore solution at the steel surface which has a stabil-
ising effect on the passive film.
− Due to the electric field, anions, like chloride 
ions, migrate from the reinforcement towards the 
anode and cations like sodium and potassium ions, 
migrate towards the reinforcement. Over the long 
term this leads to a decrease of the chloride content 
at the steel surface.
− Due to the increased consumption of oxygen in 
the cathodic reaction under specific circumstances 
(wet concrete, high concrete cover), the oxygen 
concentration at the steel surface may decrease sig-
nificantly which makes cathodic polarisation of the 
reinforcement easier.
1.2 CP of the rear reinforcement layer
When surface applied anodes are used, typically the 
anode system is placed on the concrete surface next 
to the corroding reinforcement layer in order to mini-
mise the ohmic drop in the concrete between anode 
and corroding reinforcement and to assure that the 
mayor part of the applied current polarises the rein-
forcement layer which shall be protected.
In specific circumstances this typical anode instal-
lation next to the corroding reinforcement is not prac-
ticable, i.e. due to difficult access to this surface or 
due to unacceptable traffic blocking that would be 
needed during the installation. Examples are given in 
Figure 2. In such cases also conventional repair is dif-
ficult or even impossible and it would be helpful to 
know whether it is possible to protect the reinforce-
ment by an anode being installed on the opposite 
surface of the structural element. The question to be 
answered is: How does the protection current dis-
tribute to the reinforcement layers and, does the rear 
reinforcement layer obtain sufficient current to be 
effectively protected.
The distribution of protection current depends on 
several parameters like the geometry and amount of 
the reinforcement, concrete resistivities, the polarisa-
tion behaviour and geometry of corroding and passive 
zones. In order to investigate the influence of these 
parameters on the possibilities and limits of the CP 
of the rear reinforcement, a 3 D-FEM approach of 
the current and potential distribution was used and its 
accuracy was verified by laboratory results.
2 NUMERICAL APPROACH
The potential and current distribution within the 
concrete volume follows Laplace’s equation (1) and 
Ohm’s law (2):
∇ =2 0E  (1)
i Es = ⋅∇
1
ρ  (2)
with:
E: potential [V]
i:  current density [A/m2]
ρ: resistivity [Ωm]
On isolating surfaces the normal component of the 
potential gradient must equal to zero:
∂
∂
=
E
n
0  (3)
On the interface between metal and concrete the 
relation between the current density normal to the 
metal surface and the potential is a function of the 
Figure 2. Potential applications for CP of the rear rein-
forcement. Left: i.e. bridge deck or ramp in a parking garage. 
Right: tunnel in a ground containing chlorides.
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anodic and cathodic reaction kinetics which can be 
described by polarisation curves:
i f Ea a= ( )  (4)
i f Ec c= ( )  (5)
i f Eanode anode= ( )  (6)
with:
i
a
:  current density on depassivated steel surfaces 
[A/m2]
i
c
:  current density on passive steel surfaces [A/m2]
i
anode
:  current density on the anode surface [A/m2]
Further the sum of all currents within the sys-
tem must equal to zero to fulfil the requirement of 
electro-neutrality.
Due to the high conductivity of metals the inner 
parts of the reinforcement and the anode are assumed 
to be equipotential regions.
3 EXPERIMENTAL INVESTIGATION 
AND NUMERICAL SIMULATION 
OF SIMPLE GEOMETRIES
3.1 Laboratory tests
To develop and verify the simulation model labo-
ratory tests on concrete specimens containing two 
embedded reinforcement bars were carried out. The 
specimen setups are given in Figure 3.
Two reinforcement bars with a diameter of 10 mm, 
a length of 360 mm and a sandblasted surface were 
embedded into each of the specimens. Close to the 
surface of each reinforcement bar, in the depth of the 
bar axis, a MnO
2
 reference electrode was placed. For 
the concrete mixture OPC was used with a cement 
content of 360 kg/m3 and a water/cement ratio of 
0.5. To induce macrocell corrosion in one half of the 
specimens, 4% chloride by mass of cement in the form 
of NaCl were added to the concrete mixture. The con-
crete cover of the rebars was 20 mm. As anode mate-
rial, a so called zinc hydrogel anode was used. This 
anode type consists of a zinc sheet that is fixed to 
the concrete surface by a hydrogel adhesive. Usually 
this anode is used as sacrificial anode. In this research 
work it was used as impressed current anode.
Additionally to the CP-specimens two other types 
of specimens were produced from both concrete mix-
tures in order to estimate the input data for the numeri-
cal simulation. From each concrete mixture (with and 
without chloride addition) concrete cubes with the 
dimensions 100 · 100 · 100 mm3 and two embedded 
Multiring-Electrodes (MRE) were produced in order 
to determine representative depth dependent profiles 
of the concrete resistivity. (Details of the MRE are 
given i.e. in Raupach & Wolff 2002) For estimation 
of the polarisation behaviour of the reinforcement and 
the anode, so called lollipop probes were produced 
with the same concrete mixtures and reinforcement 
as used for the CP-specimens.
In the CP-experiments constant protection cur-
rents were applied between anode and reinforce-
ment and the current distribution to the bars was 
measured over a period of 48 hours. After that 
period instant off measurements were carried out 
to measure the IR-free reinforcement potentials. 
During the instant off measurements not only the 
protection current was switched off, also the rein-
forcement bars were disconnected in order to get 
“true” IR-free values.
3.2 Verification of the numerical approach
The numerical calculations on the basis of the equa-
tions given in chapter 2 were carried out using the finite 
element software package COMSOL Multiphysics.
In order to reduce the calculation time the speci-
men geometry was reduced by half at the axis of 
geometry for the numerical model. Figure 4 shows 
the FEM mesh on the outer boundaries for both 
geometries.
The domain of the concrete was split into the sub 
domains 0–1 cm, 1–2 cm concrete cover and inner 
area. To these sub domains the concrete resistivities 
which were obtained by the measurements on the MRE 
specimens were allocated. In table 1 the resistivities for 
the different sub domains are given. An additional sub 
domain with an assumed resistivity of 0.1 Ωm and a 
thickness of 10 mm (corresponding to 1 Ωm and thick-
ness of 1 mm) was introduced at the boundary between 
concrete and anode in order to incorporate the highly 
conductive hydrogel adhesive into the model.
The polarisation curves of the reinforcement used for 
the numerical calculation are shown in Figure 5. They 
were obtained from fitting the instant off potentials 
Figure 3. Specimen set-ups for laboratory tests to deter-
mine the distribution of the CP-current for simple geometries 
(left: specimen type V, right: specimen type H).
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Figure 4. FEM mesh on the outer boundaries for specimen 
geometry V (left) and H (right).
Figure 5. Cathodic polarisation curves used as input data 
for the numerical simulation.
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and mean current densities measured on the rebars by 
a Butler-Volmer expression (see equation 8).
For the description of the polarization behaviour 
of the zinc hydrogel anode a linear relation between 
current density and over potential was used:
i E Ezn ic= − ⋅( ) . [ ]0 196
2A/m  (7)
Figure 6. Measured and calculated rebar currents to the 
rebars (top) and rebar potentials (bottom) of specimen V for 
different protection currents.
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Figure 7. Measured and calculated rebar currents to the 
rebars (top) and rebar potentials (bottom) of specimen H for 
different protection currents.
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Table 1. Concrete resistivities used for the sub domains.
 Sub domain  
Chloride content Position Cover Resistivity
M.-% – mm Ωm
0 side/top 0–10 1484
  10–20 405
 bottom 0–10 349
  10–20 183
 inner area >20 120
4 side/top 0–10 938
  10–20 293
 bottom 0–10 284
  10–20 139
 inner area >20 90
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with:
E
ic
 = E
corr
–E
appl.
E
corr
 : free corrosion potential (Zn-Hydrogel) [V]
E
appl
 : applied rectifier voltage [V]
This linear relation was found by an anodic polari-
sation test (v = 0.01 mV/s) for current densities up to 
55 mA/m2. The rectifier voltage was introduced into 
the model by the term for E
ic
.
A comparison of the measured and calculated 
currents and the potentials of each rebar for dif-
ferent protection currents is given in Figure 6 for 
specimen geometry V and in Figure 7 for specimen 
geometry H. For both geometries the calculated 
and measured currents and potentials are in good 
agreement.
4 PARAMETER STUDY
4.1 Geometries and boundary conditions
The numerical approach described above was used 
to carry out parameter studies on the influence of 
the reinforcement content, the reinforcement geom-
etry and the concrete resistivity on the distribution 
of the protection current and the reinforcement 
potential during CP with an anode applied at the 
rear surface.
Three reinforcement geometries within a square 
slab of 0.60 m width and 0.15 m height were inves-
tigated (Fig. 8). In all three cases the reinforcement 
consists of bars with a diameter of 14 mm and a con-
crete cover of 20 mm in one direction, and bars with 
diameter of 8 mm and a concrete cover of 34 mm in 
the other direction. In one upper edge of each slap 
the concrete is defined to be chloride contaminated 
in a volume of 0.20 · 0.15 · 0.06 m3. The reinforce-
ment in this volume is defined to be in active state, 
the rest of the reinforcement is defined to be pas-
sive. The anode is placed over the whole soffit of 
the slab.
In order to investigate the influence of the concrete 
resistivity on the current distribution, the calculations 
were carried out with two different sets of concrete 
resistivities. To simulate comparatively wet conditions 
a resistivity of 200 Ωm was used for the area contain-
ing chlorides and a resistivity of 400 Ωm for the rest 
of the slab. To simulate comparatively dry conditions 
2000 Ωm were used for the part containing chlorides 
and 4000 Ωm for the rest of the concrete.
For description of the polarisation behaviour of the 
reinforcement, polarisation curves that were meas-
ured on the lollipop probes mentioned in chapter 3.1 
were used (Fig. 9). For the mathematical descrip-
tion of these curves a Butler-Volmer expression was 
applied (equation 8), using the parameters given in 
table 2.
i
i b b
i
i
a c
,ox
=
⋅ ( ) − ( )⎡⎣ ⎤⎦
+ ⋅
⋅ − ⋅
corr
corr
exp exp
e
. .
lim
2 3 2 3
1
    η η
xp exp. .
lim
2 3 2 3    ⋅ − ⋅( ) − ( )η ηb ii ba , ccorrred  (8)
Figure 8. Reinforcement geometries used for the parameter 
study. Case 1: moderate reinforcement content. Case 2: low 
reinforcement content (superposed). Case 3: low reinforce-
ment content (staggered).
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Figure 9. Polarisation behavior of active and passive 
reinforcement determined on Lollipop specimens (v = 
0.033 mV/s) and Butler-Volmer description used for the 
parameter study.
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with:
i = current density on steel surface [A/m2]
i
corr
 = exchange current density [A/m2]
η = over potential (E – E
corr
) [V]
E = potential [V]
E
corr
 = free corrosion potential [V]
b
a
 = anodic tafel slope [V/dec]
b
c
 = cathodic tafel slope [V/dec]
i
lim,ox
 =  limiting current density of the anodic reaction 
[A/m2]
i
lim,red
 =  limiting current density of the cathodic reac-
tion [A/m2]
For the description of the polarisation behaviour of 
the anode, the following linear relation between over 
potential and anode current density was assumed for 
a non sacrificial anode material.
i E Ezn ic= − ⋅( ) . [ ]0 012245
2A/m  (9)
4.2 Results and discussion
In Figure 10 the mean current density at the active 
reinforcement surface and in Figure 11 the reinforce-
ment potential at a point on top of the active rebar 
farthest away from the anode are given. It can be 
observed that, already at a mean anode current den-
sity of less than 10 mA/m2, macro cell corrosion is 
already suppressed and the potentials at the active 
reinforcement are decreased to values below the free 
corrosion potential in all cases.
Nevertheless, for a cathodic polarisation of more 
than 100 mV, which would be needed to fulfil the 
100 mV potential decay criterion (commonly used to 
check the proper function of the CP-system) more than 
30 and 40 mA/m2, respectively, of anode current den-
sity would be needed in cases 2 and 3. In case 1 even 
far more than 60 mA/m2 would be needed. But thereby 
it has to be considered, that the secondary effects of 
CP mentioned in section 1 are not incorporated in the 
numerical approach. Due to these secondary effects 
often a significant increase of the free corrosion poten-
tial can be observed when CP has been applied over a 
longer period of time. This can be attributed to at least 
a partial repassivation of the reinforcement induced by 
the secondary effects. The increase of the free corrosion 
Table 2. Parameters used for the Butler-Volmer expression.
Rebar i
corr
 E
corr
 b
a
 b
c
 i
lim,ox
 i
lim,red
– mA/m2 V
SCE
 V/dec V/dec mA/m2 mA/m2
Active 8.0 –0.372 0.150 0.180 1000 –400
Passive 0.04 –0.075 2.0 0.120 0.5 –10 exp 
       (−5,3 · η)
Figure 10. Mean current density at the active reinforce-
ment surface relative to the applied mean anode current 
density.
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Figure 11. Potential at the top of the active bar farthest 
away from the anode relative to the applied mean anode cur-
rent density.
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potential is probably the major reason for the fact, that 
in practice usually CP-current densities in the order of 
only 2 to 10 mA/m2 reinforcement surface are needed 
to fulfil the 100 mV decay criterion.
Figure 12 shows the fraction of the total protection 
current that is consumed at the rear reinforcement at 
different anode current densities. The range between 10 
and 35% is in a good agreement with values reported 
in literature (Glass et al. 2001, Hunkeler 1992, Pastore 
et al. 1992, Polder 1990, Raupach & Bruns 2003) 
which are in the range of about 10 to 40%.
The results show, that the current fraction at the rear 
reinforcement is strongly depending on the one hand 
on the reinforcement content, on the other hand on the 
concrete resistivity and it decreases with increasing 
anode current density. This decrease in the ratio with 
increasing anode current density can be explained by 
the different nature of the concrete resistance, which is 
independent of the current density, and the polarisation 
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resistance described by the polarisation behaviour, 
which decreases with increasing current density. 
Therefore, the higher the current density is, and/or the 
higher the concrete resistivity is, the more is the cur-
rent distribution dominated by the concrete resistance 
between the anode and the reinforcement layers.
For further investigation another numerical simu-
lation was carried out for all three cases. This time 
a constant potential of 1 Volt was applied to all rein-
forcement surfaces and a constant potential of 0 Volt 
was applied to the anode surface. The resulting current 
fractions to the top layer were 9.4% for case 1, 19.8% 
for case 2 and 20.9% for case 3. These values are close 
to the values to which the curves for the dry conditions 
converge asymptotically with higher current densities. 
Thus the minimum fraction of the current at rear rein-
forcement seems to be defined by the concrete resist-
ance between the anode and the reinforcement layers. 
Lower protection current densities and lower concrete 
resistivities are leading to an increasing contribution 
of the polarisation resitance to the current distribution, 
which leads to higher fractions of the protection cur-
rent at the rear reinforcement.
5 CONCLUSIONS
A numerical approach was applied for the investi-
gation of the protection current and potential distri-
bution in case of CP of the rear reinforcement. The 
results of numerical calculations using this approach 
were in a good agreement with results obtained from 
laboratory testing with simple specimen geometries. 
From the parameter study that was carried out the fol-
lowing conclusions can be drawn:
• Macro cell corrosion at the rear reinforcement can 
already be suppressed at anode current densities 
below 10 mA/m2.
• At higher concrete resistivies the concrete resist-
ance between the anode and the reinforcement 
layers predominantly defines how the CP-current 
distributes to the reinforcement.
• At lower concrete resistivities and lower protection 
current densities the polarisation behaviour of the 
reinforcement significantly contributes to the cur-
rent distribution which leads to higher current frac-
tions at the rear reinforcement.
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Figure 12. Fraction of the total CP-current that is con-
sumed at the rear reinforcement layer.
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